The new frontier in astrophysics is the study of the very first stars, galaxies and black holes in the early Universe. These objects are beyond the grasp of the current generation of X-ray telescopes such as Chandra, and so the Generation-X Vision Mission has been proposed as an X-ray observatory which will be capable of detecting these earliest objects. Xray imaging and spectroscopy of such distant objects will require an X-ray telescope with large collecting area and high angular resolution. The Generation-X concept has 100 m 2 collecting area at 1 keV (1000 times larger than Chandra) and 0.1 arcsecond angular resolution (several times better than Chandra and 50 times better than the resolution goal for Constellation-X). The baseline mission involves four 8 m diameter telescopes operating at Sun-Earth L2. Such large telescopes will require either robotic or human-assisted in-flight assembly. To achieve the required effective area with launchable mass, very lightweight grazing incidence X-ray optics must be developed, having an areal density 100 times lower than in Chandra, with perhaps 0.1 mm thick mirrors requiring on-orbit figure control. The suite of available detectors for Generation-X should include a large-area high resolution imager, a cryogenic imaging spectrometer and a grating spectrometer.
INTRODUCTION
Astronomers are always in search of more light, to study ever fainter objects in ever finer detail. In this way, they have pushed the frontiers of astrophysics back to the time when the Universe was only a fraction of its present age. The new frontiers are to find the very first stars, black holes and galaxies to form in the universe. This requires ever larger telescopes, yet with ever finer angular resolution. This applies at all wavelengths. In the optical and infrared efforts are underway to build telescope mirrors up to 20, 30 or even 100m in diameter, with active and adaptive optics control to achieve resolution near or at the diffraction limit. In the radio a "Square Kilometer Array" interferometer is being planned. Similarly, a large X-ray telescope in space could observe the formation of the first galaxies and black holes in the Universe. To this end, the X-ray astronomical community conceived the large-area high-resolution Generation-X mission, which would succeed the Constellation-X mission, and outlined a baseline concept for Generation-X which was submitted to the SEU roadmap committee in NASA's OSS in 2002. The Generation-X mission concept was further developed and successfully proposed for a one year study as a NASA Vision Mission in 2004. This one-year study will develop and refine the science objectives 1 for Generation-X and also develop concepts for the mission architecture and define the key technologies needed for the X-ray telescope and instruments. There are significant technology challenges to be met and innovations needed to realize Generation-X, but the baseline mission concept and mirror and detector technologies have pre-cursors either already demonstrated in present missions or under current development. The long heritage of technology innovation and development that has produced today's Chandra points the way to Generation-X. Our study has been split into sub-groups addressing various specific components or technologies expected to be used in the mission. In the following sections, we list these areas of study and outline some of the issues in each area.
MISSION CONCEPT
The key parameters for the implementation of Generation-X are listed in Table 1 . The baseline effective area of 100 m 2 at 1 keV is 1000 times that of Chandra, but with angular resolution of 0.1 arcseconds HPD, several times better than Chandra.
Meeting the combined challenge of area and angular resolution for Generation-X will require breakthroughs in technology for X-ray telescopes. The baseline concept for the study consists of 4 identical telescopes, each telescope having an 8m diameter mirror assembly with a 50m focal length. Each of the four telescopes has an effective area of 25m 2 at 1 keV. An alternative configuration consists of a single telescope, with a mirror assembly of about 20m diameter having 100m 2 effective area at 1 keV, with a focal length of about 100m. Table 2 shows a comparison of the baseline Generation-X telescope parameters with those of previous or planned missions. Thin nested segments with active control
Mission
In the four telescope configuration, each telescope would be separately launched on an expendable launch vehicle. Each telescope would be carried as six segments to fit in an existing large payload fairing allowing 4.6m payload diameter and at least 13m payload length. Each telescope would have an identical instrument suite consisting of a grating spectrometer, micro-calorimeter imaging spectrometer, and an active pixel large format imager. A single-telescope implementation of Generation-X would require multiple launches followed by in-flight assembly, with a similar instrument suite. 
Parameter

MISSION ARCHITECTURE
Architecture Trades
A limited number of mission architecture trades, associated with the different telescope configurations described above, will be used to refine our concept for Generation-X. These include the amount of ground assembly, on-orbit assembly of the optics, and separate or combined vehicles for the optics and detector assemblies. The optimum focal plane architecture must be found to accommodate a variety of instruments. Since the telescope is likely to remain state of the art for longer than an instrument lifetime, Generation-X could provide for the replacement or upgrade of instruments as detector technology improves. If multiple telescopes and spacecraft are required to achieve the full mirror area, the instruments might be arranged in a series of identical focal planes, or in different, complementary instrument packages. Several issues influence such decisions, including launch vehicle payload mass and size limitations; expected area/mass for the telescopes; future astronaut-assisted and robotic on-orbit assembly capabilities and other deployment options; vehicle propulsion, and formation flying capabilities.
Constellation Definition. While the four telescope configuration is the starting point for our study, we will also explore alternate telescope configurations. Several factors will influence the tradeoff between different configurations. Of primary importance is the expected performance of the assembled optics, including manufacturing tolerances and diffraction effects 2 . In addition, for the longer focal lengths expected for a single telescope configuration, formation flying optics and detector module vehicles may be more feasible than an optical bench in the form of a deployed boom.
Launch Vehicle. Delta 4H and Atlas V are possible launch vehicles for Generation-X, but we will investigate expected advances in launch weight and propulsion technologies, as well as possible increases in payload size envelopes that future very large space telescopes may require. Even so, Generation-X must achieve almost an order of magnitude improvement in effective area/kg relative to Constellation-X. Since this is less than the improvement from Chandra to Constellation-X, we believe we can meet this challenge. For 0.1mm thick mirrors, we have a baseline optic module weight of 3000kg per telescope (Table 2) . By trading between telescope configurations, we will expand the mission concept into an overall mission architecture, and identify the key areas of technology development needed to realize that architecture.
Orbit. Another key component of the mission definition is orbit selection. For the large telescopes expected for Generation-X, a low-disturbance orbit is required, to minimize structural mass and/or station-keeping fuel or power, and thermal stresses. This likely eliminates Low Earth Orbit (LEO) and raises concerns about highly elliptical Chandra or XMM type-orbits, and favors Sun-Earth L2, which is our baseline. If we use astronauts and/or robotics to assist in telescope assembly and alignment at LEO or at the Earth-Moon L1 point, we must then travel to the Sun-Earth L2. We will trade the need for a high power rapid transit, against a slower transit with time simultaneously spent in initial checkout and tuning of the optics and detectors. We are drawing upon NASA's experience via the IMDC at GSFC and Team-X at JPL, plus our industry partners, and also on the demonstrated or planned capabilities of a variety of other upcoming missions such as Constellation-X, JWST, LISA, and TPF, to make such architecture and orbit decisions.
Spacecraft Configuration
Generation-X presents signnificant challenges for the spacecraft platform for telescope(s) with such large mirror area, long focal length and high count rates. Our study must refine the spacecraft requirements in areas such as power, data and communications, and attitude and orbit control, which in turn will influence the telescope design.
For telescopes with 50-200m focal length, the optics and detector assemblies might either be attached via a deployed boom or on separate formation flying vehicles. The position control tolerances between optics and detector are expected to be 0.1 to 0.3mm in separation and several mm in the plane perpendicular to the optical axis, which should be compatible with expected formation flying capabilities. We will assess the thermal stability required to maintain telescope and instrument performance, realizing that low temperature operation might be needed to limit heater power requirements for the optics. We expect future on-board computer capabilities will meet our needs for calibration and science operations, and will scope data buffering and communications to support observations with X-ray event rates up to 1000 times the 100+ per second capacity of Chandra telemetry.
We will study momentum management, which is an important issue for pointing and slewing such large telescopes, to assess the sequencing of operations through the construction and commissioning phases and trade observing efficiency against flexibility of observation scheduling, sky availability requirements, slew durations and response times to targets of opportunity.
External Design Team Studies
We will make use of the expertise of aerospace industry involvement in the study, plus NASA's Integrated Mission Design Center (IMDC) at GSFC and Team-X at JPL to study and trade each configuration. Each of these groups has experience in various areas of systems definition and engineering. We plan to have some overlap of tasks allocated to these various groups, to explore alternative approaches to the mission architecture.
The IMDC has already done an earlier short study for Generation-X, which examined mechanical configurations for the optics module, launch and orbit injection, and available and projected propulsion system technologies. This will be the starting point for further design work by the IMDC. We plan to use the JPL Team-X to study options and techniques for telescope assembly, and to provide a key part of the mission architecture, affecting several areas including telescope design, launch vehicle, staging orbit, and final orbit injection. Our plan is to initially refine the mission concept and make technology trades, then use a Workshop to integrate a well-defined input to the IMDC and Team-X studies. The results from these studies will then drive the remainder of the mission and technology studies discussed below.
MISSION TECHNOLOGY
Telescopes and Optics
The broad energy range for Generation-X, 0.1 to 10 keV, requires grazing incidence X-ray optics. The baseline optics for Generation-X are based on the Wolter I geometry, consisting of concentric nested mirror shell paraboloid+hyperboloid pairs. Table 3 shows representative Wolter I optic configurations for the four telescope and single telescope implementations being studied. Figure 1 shows the effective area of these optics configurations, assuming gold reflecting surfaces and without manufacturing tolerances. In addition to Wolter optics, which provides optimal on-axis resolution, we will investigate spatial polynomial shaped optics, which provide better off-axis resolution at the cost of degraded on-axis resolution. The field of view for Generation-X is a compromise between the need to fully cover nearby extended astronomical targets and match other observatories such as JWST for deep surveys, and the practical limitations for focal plane instruments having platescales of about 2"/mm.
While the theoretical angular resolution of these configurations easily meets the 0.1" angular resolution requirement for Generation-X, diffraction effects and manufacturing and optical control tolerances are dominant contributors to the achievable angular resolution 2 . In general, larger diameter optics will have larger grazing angles, with associated tighter mirror figure control needed to achieve resolution encircled energy within the desired angular resolution. The two reflections in the Wolter I optical geometry means that figure requirements for each optic scale as the square root of the system performance. Generation-X thus requires an improvement factor of 7 times over the Constellation-X goals, and 3 times over Chandra.
The effective area is 30 times that of Constellation-X, while the weight cannot be more than a few times larger. Thin, large area mirrors are needed for the hundreds of mirror pairs shown in Table 3 . We therefore consider an entirely new approach for grazing incidence X-ray telescopes: Adjusting alignment and figure on-orbit. To define the needed technology, we will study the following issues: What materials should be used; what level of precision can be attained by manufacturing tolerances and material stability; what amount of adjustability must be provided; how are on-orbit adjustments made; and what metrology, calibration techniques, and algorithms are used in flight to evaluate and correct the mirrors. Trade studies will consider launch loads and on-orbit environment; surface finish; and stiffness, weight and strength of the mirror elements. We will use finite element mechanical analyses to evaluate materials and on-orbit adjustment methods. Configuration. Consideration of the large area, high angular resolution is the top priority of this study. There are many approaches one could consider, ranging from building the complete optics on the ground to the final accuracy and mounting them so as to preserve figure through the injection into final orbit to providing for both alignment and adjustment of individual mirror element shapes on-orbit. We have adopted the latter approach for our baseline: it is the most general, and it mitigates a number of manufacturing, spacecraft, and environmental issues. In practice we will push technology to provide the greatest possible precision from ground manufacture and ground plus on-orbit alignment of modules, thus minimizing requirements for on-orbit figure adjustment.
Materials and Fabrication. In grazing incidence X-ray optics, 100 m 2 of effective area requires more than 10 4 m 2 of optic surface area. As for Constellation-X, large-scale precision manufacturing methods are required. The size of the mirror surface area constrains us to use thin-walled mirrors, ~0.1 mm thick, which are nested to build up the large area. Our baseline concept uses thermal forming of smooth and thin glass sheets onto precision figured mandrels. Like Constellation-X we would start from borosilicate float glass (but will also consider other materials), which is extremely flat and smooth. We envision a modified approach whereby glass sheets (possibly 4 times thinner than Constellation-X) are formed to a concave mandrel, with the pristine concave side of the formed glass as the reflector side. Low spatialfrequency figure errors and coating stress induced deformations are removed by the active control on-orbit. The optic is intrinsically smooth at high spatial frequencies.
Alignment and Figure Control . The mirror elements will be nested and mounted in modules. Either the automated deployment, or active on-orbit assembly if needed, will align these modules to a fraction of the resolution requirement, using a combination of mechanical tolerances and 6-degree of freedom alignment actuators. Figure errors , launch deformations, and thermal deformations are removed iteratively with alignment adjustment after initial extension of the optical bench. We will adjust the optics at (infrequent) intervals throughout the mission, as necessitated by long term thermal drifts or radiation damage to the glass. For precise control of the optic figure during the mission, we are studying the use of actuators such as micro-electro-mechanical (MEM) systems or piezoelectric devices mounted on the back surface of the mirrors and reacting against lightweight structures.
Piezo technology is especially exciting, as it offers several different configurations; namely local patches, strips in orthogonal directions, or continuous layers, to provide both azimuthal (circular shell) and axial (parabolic and hyperbolic shape) control. Piezoelectric layers deposited on the rear of the mirror elements produce a bimorph mirror 3 , which can impart forces to the glass without reacting against a separate support structure, in analogy to bi-metallic effects, as sketched in Figure 2 . Figure 3 shows an example of a 4 inch diameter test optic with segmented piezo-electric backing material. Such an optic can be used to demonstrate surface control and provide initial characterization of performance using a laboratory Twyman-Green type interferometer. FEA modeling shows, for a bimorph mirror with a 0.1mm thick substrate, an inplane strain of about 10 -6 is sufficient to produce about 1 m surface displacement in an optic of this size. Such strains µ are readily achievable with piezo-electric materials such as PZT, and bimorph PZT transducers have been demonstrated 4, 5 . Other promising actuator technologies for bimorph mirror actuation are elastomer actuators and piezoelectric polymers (e.g. PVDF) and MEM systems. In particular, polymer actuators may be scalable to large surface areas, and more suitable for fabrication at lower temperatures than ceramic (e.g. PZT) piezos.
The figure control will involve challenging algorithms which take data from a bright celestial X-ray source, compute a figure of merit, and command adjustments under on-board computer or ground control. We will examine several methods for isolating the PSF contributions from different mirrors, including segment shutters, steering segments to be aligned to off-axis instruments, and dedicated out-of-focus calibration instruments. A key part of our study will explore the required axial and azimuthal density of actuators, and the development of algorithms, such as simulated annealing, for metrology and actuator control. The required actuator density to achieve 0.1" HPD will be driven by the mirror manufacturing process, but we expect fewer than 10 5 control points. The physical number of actuators can be much smaller, as single piezo-electric crystal layers or strips can have multiple contact points. Bright celestial sources such as Sco X-1 can quickly provide sufficient signal (using high throughput detectors) for low-to-mid spatial frequency axial and azimuthal data for each mirror shell.
Instruments
Generation-X requires instrument capabilities significantly beyond those available today. We need developments to achieve: high detection efficiency down to 100 eV; spectral resolution of 1,000-10,000 for point and extended sources; high count-rate capability; large detector areas to provide a substantial FOV; and non-X-ray background per unit detector area 10x lower than Chandra. Generation-X might utilize a suite of complementary science instruments, with one chosen for any specific observation. During the study we will assess possible evolution of current instruments, and we will consider the technology maturity and heritage, along with issues of scaling or other development to meet Generation-X requirements A Cryogenic Imaging Spectrometer will be a key instrument. It provides efficiency near unity above 1 keV, and provides better energy resolution than gratings over the upper range of the Generation-X energy band. Current performance is 2.4 eV resolution at 1.49 keV, so Generation-X will require a factor of ~3 improvement to achieve the minimum spectral resolution at 1 keV. Improved energy resolution may result from the on-going development of transition edge sensors, superconducting tunnel junction, or metallic magnetic or kinetic inductance devices. Position resolution of 250 microns has been demonstrated in the laboratory and is baselined for Constellation-X. This scales to 1" for Generation-X with a 50m focal length. To adequately sample the 0.1" PSF, we need to manufacture much smaller elements, and/or develop position sensitive readout capability within a single element (e.g., based on differential rise times due to the propagation of heat across the element). We will investigate options for increasing the array dimensions from the 30x30 elements currently baselined for the Constellation-X micro-calorimeter to arrays with at least 100 x 100 times more elements to more fully cover the Generation-X field of view. Current count rate limitations of a few 100 per sec must be improved by an order of magnitude, e.g., by appropriate attachment to the cold reservoir and improved electronics. Cooling power and lifetime also affect the system design.
A Grating Spectrometer will be required to provide energy resolution in the range 1000 to 10000, especially below 1 keV. The grating might be either a transmission or reflection configuration, which can draw directly upon Chandra, XMM-Newton and Constellation-X experience. Gratings will provide the highest resolution spectroscopy for point sources at large redshifts. We will consider objective gratings and grating, crystal, or dispersive multi-layer element spectrographs near the focal plane as alternate possibilities for the most effective high-resolution spectrometer. Such novel designs are currently being considered for Constellation-X.
Imager. We will require a device with a large field of view, broad energy response, moderate energy resolution, spatial resolution better than 0.1 arcsec, and high count rate throughput. As a baseline we consider Si devices with active pixel readout 6, 7 , or fully depleted pn frame-store arrays. Such devices have been built with 75 micron pixels and 5 e -readout noise. Active pixel sensors do not involve charge transfer, thus CTI is not relevant and they are much less susceptible to radiation damage. They can be read in less than 1 msec, so that dark current does not build up even at relatively warm temperatures. The rapid readout also means that much less attenuation of external visible light is required, so that they can achieve high quantum efficiency down to 100 eV. High time resolution offers the possibility of cosmic ray anticoincidence to reduce background. We expect to mosaic these detectors to provide a FOV as large as15'x15'. We will address the challenge of assembling these detectors into a focal plane architecture (e.g. Figure 4 ) containing both the cryogenic calorimeter and the near-room temperature Si imager. 
Calibration
The Generation-X mission presents significant calibration challenges. Ground calibration can measure absolute instrument response and reflectivity of the mirror coating vs. energy. System-level imaging calibrations can only be done on-orbit, and must be devised both for the scientific interpretation of data and the on-orbit mirror alignment and figure control. We will assess the impacts of calibration requirements on mission architecture.
Overlapping Mission Technologies
The Generation-X technology development meshes well with technologies needed for OSS programs in several areas including deployed, lightweight optics and actuator technology for active and adaptive optics (e.g., JWST, TPF) and formation flying (e.g., TPF, LISA, MAXIM). In the broader scope of future NASA activities, the Generation-X mission is a valuable input to the NASA Exploration Team (NEXT) program, which is tasked with defining and coordinating NASA's future technology developments to accomplish NASA's mission of exploring the universe. The assembly of a large space telescope is a design reference mission for NEXT, and the Generation-X mission has many elements of such a reference mission: the need to launch optics larger in diameter than existing or planned rocket fairings; the possible need for an in-orbit staging point such as the Earth-Moon L1 point for telescope assembly; the definition of possible astronaut and robotic roles in telescope assembly; and optimizing mission sequencing through launch and deployment into the final orbit. In this regard, Generation-X goes beyond missions such as the planned European X-ray mission XEUS which is constrained to use existing infrastructure, such as the International Space Station for telescope assembly, and is restricted to LEO operation. Nonetheless, as part of the study we will consider the relationship between Generation-X and XEUS, and will invite ESA and ISAS to participate in Generation-X studies, with the possibility that XEUS could be merged with Generation-X or act as a technology stepping-stone to Generation-X.
